. Kinetics of ergodic-to-nonergodic transitions in charged colloidal suspensions : aging and gelation. Physical Nonlinear, and Soft Matter Physics, 71(2), There are two types of isotropic disordered nonergodic states in colloidal suspensions: colloidal glasses and gels. In a recent paper ͓H. Tanaka, J. Meunier, and D. Bonn, Phys. Rev. E 69, 031404 ͑2004͔͒, we discussed the static aspect of the differences and the similarities between the two. In this paper, we focus on the dynamic aspect. The kinetics of the liquid-glass transition is called "aging," while that of the sol-gel transition is called "gelation." The former is primarily governed by repulsive interactions between particles, while the latter is dominated by attractive interactions. Slowing down of the dynamics during aging reflects the increasing cooperativity required for the escape of a particle from the cage formed by the surrounding particles, while that during gelation reflects the increase in the size of particle clusters towards the percolation transition. Despite these clear differences in the origin of the slowing down of the kinetics between the two, it is not straightforward experimentally to distinguish them in a clear manner. For an understanding of the universal nature of ergodic-to-nonergodic transitions, it is of fundamental importance to elucidate the differences and the similarities in the kinetics between aging and gelation. We consider this problem, taking Laponite suspension as an explicit example. In particular, we focus on the two types of nonergodic states: ͑i͒ an attractive gel formed by van der Waals attractions for high ionic strengths and ͑ii͒ a repulsive Wigner glass stabilized by long-range Coulomb repulsions for low ionic strengths. We demonstrate that the aging of colloidal Wigner glass crucially differs not only from gelation, but also from the aging of structural and spin glasses. The aging of the colloidal Wigner glass is characterized by the unique cage-forming regime that does not exist in the aging of spin and structural glasses.
I. INTRODUCTION
Both colloidal gels and glasses are interesting solid ͑or jammed ͓1-3͔͒ states of condensed matter with soft elasticity. The difference between gels and glasses is rather clear in their ideal limits. The elasticity of gels stems from an infinite percolated network ͓4͔, while that of glasses stems from caging effects ͓5͔. In a recent paper ͓6͔, we discussed the differences and similarities between these two types of nonergodic states from the static aspect. In this paper, we focus on the kinetic aspect.
The process of liquid-glass transition is called "aging," while that of sol-gel transition is called "gelation." During aging, a system explores the energy landscape by thermally overcoming barriers in order to lower the total energy. The more the system is aged, the higher the barriers it must overcome. This is the origin of the slowing down of the kinetics during aging. Eventually, the system falls into a steep valley, from which it can no longer escape during the observation time, and thus becomes nonergodic. During gelation, on the other hand, particles form clusters whose size keeps increasing in time. Eventually, clusters form a percolated network and the system becomes nonergodic. Towards this percolation transition, the characteristic relaxation time of the system diverges, reflecting the growth of the clusters with time. Both processes can be characterized as an ergodic-tononergodic transition and by the resulting appearance of elasticity. Because of this, the similarity between glass and gel is much emphasized in the literature ͑see, e.g., Ref. ͓7͔͒. However, there may also be crucial differences, reflecting the fundamental differences in the mechanism of the slowing down between the two.
We consider this fundamental problem, taking Laponite suspension as an explicit example. It is known that a suspension of charged colloidal clay particles, Laponite ͓8͔, forms a very uniform, isotropic soft solid state. Due to the competition between long-range electrostatic repulsions and van der Waals attractions, both nonergodic states, glass and gel, can form even in a very dilute suspension, where the volume fraction of Laponite is on the order of ϳ1%. This is markedly different from the case of usual colloidal suspensions without charges, where the volume fraction required for glass formation is in the order of ϳ50%. As discussed in our recent paper ͓6͔, for low ionic strengths, Laponite forms a colloidal Wigner glass ͓9-12͔, while for high ionic strengths it forms a colloidal gel ͓13-20͔. This suggests that a glassto-gel transition can occur in Laponite suspensions ͓6͔. Because of these interesting features, the nonergodic states of Laponite suspensions have recently attracted considerable attention from both fundamental and applied viewpoints ͓9-20͔. Since the interactions between particles are weak in such dilute suspensions, both aging and gelation take place very slowly. This provides us with a unique opportunity to study both the kinetics of aging and gelation in detail.
In relation to the ability of Laponite suspensions to form these nonergodic states even for dilute suspensions, we point out that the glassy nonergodic state of such a suspension is crucially different from that of usual glass-forming liquids such as simple liquids, oxides, and metals ͓5͔: Laponite suspensions have elasticity but at the same time contain a fluid as its component. The mechanical stress is asymmetrically divided between the components. The elastic part of the stress is supported by their elastic components ͑i.e., par-ticles͒, and not by the fluid component. This means that the word "nonergodic" applies only to the elastic component, and obviously does not apply to the fluid component. The effect of this fluid component on the kinetics of the ergodicto-nonergodic transition has not attracted much attention so far and remains to be clarified. This should be particularly important for the interesting example of aging under stress. Furthermore, colloidal suspensions often have other components such as polymers or salts, which control the interparticle interactions. Effects of these multicomponent features may also significantly affect the dynamic properties of colloidal glass and particularly its aging kinetics.
Considering these unique features, we consider in this paper ͑a͒ what the differences and similarities are between aging and gelation and ͑b͒ how the multicomponent nature of a colloidal Wigner glass affects its aging kinetics.
II. CLASSIFICATION OF DISORDERED STATES OF COLLOIDAL SUSPENSIONS
Before starting the discussion, we define the nonergodic states observed in colloidal suspensions ͑see Ref. ͓6͔ for the details͒.
A. Attractive gel
We define a gel as a multicomponent fluid, which satisfies the following requirements. ͑i͒ At least one of its components is in a disordered nonergodic state. ͑ii͒ That component forms an infinite elastic network and thus is percolated mechanically. For the network to be elastic in the observation time scale, the necessary condition is a long-enough lifetime of the junction point, or E / k B T ӷ 1 ͑E being the depth of the attractive potential͒. ͑iii͒ The characteristic length of the network between the two adjacent junctions is much longer than the size of the component. When becomes comparable to the interparticle distance l, the system should be called "attractive glass" ͓6͔ ͑see below͒.
B. Attractive and repulsive glass
Including both attractive ͓21-24͔ and repulsive glasses, we define a colloidal glass as a colloidal system in a nonergodic disordered state, whose elasticity primarily originates from caging effects. Its mechanical unit has a length scale of the order of the interparticle distance l and there is no static inhomogeneity beyond l. As discussed in Ref. ͓6͔ , the formation of an attractive glass is possible if E is on the order of k B T and the particle concentration is high enough. We stress that even in "attractive glass," repulsive interactions should play the main role in its slow dynamics, although attractive interactions may strongly influence it. This attractive glass state should transform into a gel state at a higher ionic strength ͑salt concentration͒ ͓6͔.
Here it may be worth pointing out that the boundary between the liquid state and the glassy one is not very easy to determine since its location depends upon how long we wait, for instance, before measuring the viscosity in order to determine whether it is a liquid or a glass.
In the following, we only consider attractive gels and repulsive Wigner glasses, and do not consider the attractive glass for simplicity.
III. DIFFERENCE IN KINETICS BETWEEN GELATION AND AGING OF GLASS
Here we focus our attention on the kinetic aspects of gelation and aging. For gelation due to strong attractive interactions ͑E / k B T ӷ 1͒, it is well known that a sol state transforms into a gel one at a well-defined gelation point t gel ͑t denotes time͒ for which the system is elastically percolated. At t gel , a system exhibits a behavior specific to percolation such as a power-law frequency dependence of the complex modulus, which reflects the percolation transition ͓25͔. For a system where E / k B T ϳ 1, however, the gel state cannot be easily distinguished from the sol so clearly and the situation is rather similar to the aging of a glass ͑see below͒. In theory, the zero-frequency viscosity also diverges at this point. After this point, the system behaves as an elastic body and the elastic modulus continues to increase. In a phase diagram ͑see Fig. 2 in Ref. ͓6͔͒, the gel state can be defined experimentally as the region where t gel becomes finite, or more precisely, on the order of the time scale of experiments. This is similar to the definition of the glassy state. Theoretically, however, the gel state of a thermoreversible gel can be well defined thermodynamically ͓26͔. This is the crucial difference between a reversible gel and a glass.
In contrast to the case of gelation, there is no clear vitrification point for the aging of a glass. Note that viscosity does not diverge at the glass-transition point: it keeps increasing during the aging ͓9͔. This is because there is no physical transition point for vitrification, reflecting its purely kinetic nature. This is a remarkable difference between the two dynamic phenomena, which can be used as a criterion to distinguish them. In the following, we consider this problem in depth.
A. Gelation of sol

Stable gel
As mentioned above, the dynamic viscoelastic moduli exhibit a peculiar power-law frequency dependence at the gelation point t gel ͓25͔,
where GЈ and GЉ are the real and imaginary parts of the complex modulus, and is the angular frequency. Here the exponent u is related to the fractal dimension d f of the gel network structure and the spatial dimension D as u = D / ͑d f +2͒. At this gelation point, an infinite percolated network is formed, and thus the static viscosity diverges. In the time domain, this is observed as a power-law decay. For example, the intensity time correlation function g 2 ͑t͒ decays as
͑2͒ This is often used as a signature of the percolation point ͑see, e.g., ͓27͔͒. Note that the condition ӷ l is necessary to obtain the fractal nature and the resulting power-law behavior of the gel. For t Ͼ t gel , the system becomes nonergodic and g 2 ͑t͒ does not decay to zero any more in the ideal case.
Unstable gels
Here we note that the above behavior of a typical gelation process of a stable gel cannot be applied to gelation of an unstable gel ͓28͔ that occurs in an unstable phase-separation region of the phase diagram. Unstable gels may happen at very high salinity, where the electrostatic repulsion is screened so much that the colloids may flocculate. For Laponite, this happens when the electrolyte concentration is larger than 10 −2 M ͑see Fig. 2 of Ref. ͓6͔͒. This is because the structure of an inhomogeneous gel keeps evolving by selfgenerated internal stress ͑if it is not strong enough, the gel collapses under its own weight͒ due to a repetition of the following elementary process: the stress accumulation on the weak strand of the network and the resulting breakup ͓30͔. Thus, the system is not frozen and keeps changing its structure although the process is very slow. Here we note that for unstable gels a very interesting aging behavior, which resembles the aging of Laponite in the glassy state, was observed by Cipelletti et al. ͓28͔ .
The case of Laponite suspensions
How do these predictions compare to existing data on Laponite suspensions ͓29͔? The phase diagram of Ref. ͓6͔ suggests that at high salt, Laponite is a gel. The power-law frequency dependence of GЈ and GЉ specific to a gelation point was indeed observed with the exponent of u = 0.55 by Cocard et al. ͓31͔ for Laponite suspensions of I ജ 10 −3 M. This dynamic feature strongly supports that a nonergodic state of a Laponite suspension of I ജ 10 −3 M is a gel, consistently with the structural features ͑see Ref. ͓6͔͒. At this moment, dynamic light scattering measurements during the gelation process at I ജ 10 −3 M are not available. However, we expect that the above-described behavior characteristic of gelation should be observed. This has to be confirmed experimentally in the future.
On the other hand, for low salt, Laponite is a glass ͓6,9,11͔. Experimental studies on the dynamic structure factor S͑q , t͒ at I =10 −4 M ͓9͔ support the glass picture for Laponite suspensions at I =10 −4 M, since the final decay of the fluctuating parts of the density correlation function is similar for different aging times t w and does not show the peculiar power-law behavior characteristic to a gelation point t gel . Similar behavior was also observed by Kroon et al. ͓17͔ . Although this is a subtle problem, the glass picture is supported by ͑i͒ the absence of the fractal structure confirmed by light-scattering measurements ͓10͔, which indicates the homogeneity of the system over the interparticle distance l, and ͑ii͒ the shape of the phase diagram ͑see ͓11͔ and Fig. 2 of Ref. ͓6͔͒ and the related discussion for a Laponite suspension of I ഛ 10 −4 M ͑see ͓6͔͒. On point ͑i͒, we note that for a ge-lation scenario the exponent u should be related to the fractal dimension d f at a gelation point. Thus, the absence of the q dependence of S͑q͒ ͓10͔ cannot be consistent with a scenario that the power-law decay is due to the fractal structure. In addition, Bonn et al. ͓32͔ show a continuous evolution of u with aging time t w , with u → 0 when the system becomes nonergodic for I =10 −4 M.
Osmotic pressure experiments also show that there is a net repulsive interaction between particles ͓13,33,34͔. Moreover, the osmotic pressure decreases with increasing ionic strength. These experimental results are also in qualitative agreement with simulation results and numerical models ͓35,36͔. All these facts support the repulsive glass picture.
Here we briefly discuss the subtlety concerning the state boundary between a gel and a repulsive glass. Since a Laponite particle has a negative surface charge of Z ϳ 10 3 , we cannot apply the linearlized Poisson-Boltzmann theory. Both the far-field form of the potential and the effective interaction are often described using a Debye-Hückel potential with an effective charge Z ef f ͓37-40͔. This charge renormalization effectively accounts for the interactions in the inner part of the electric double layer and the effects of the overlapping of double layers. Z ef f is determined so that the far-field part of the potential matches the numerical solution of the full nonlinear Poisson-Boltzmann equation. This works rather well for dilute suspensions, where we only need to consider the long-distance behavior of the electrostatic coupling. At finite concentrations of colloids, however, the screened Coulomb form of the potential itself is questionable due to the strong overlap of the condensed and diffuse layers surrounding each particle ͓37͔. The anisotropic shape of Laponite particles makes the situation even worse compared to spherical colloids since we also have to consider the orientational degrees of freedom of particles ͓41,42͔. In this situation, it is quite difficult to theoretically estimate the effective interactions between Laponite particles at finite concentrations. So the boundary between a gel and a repulsive glass may not be very clear theoretically.
Recently, the simultaneous renormalization of the surface charge Z and the screening constant have been discussed by Bocquet et al. ͓40͔ on the basis of the cell approach ͓39͔. They propose that the highly charged colloids can be treated as objects with constant static potential ϳ4k B T / e ͑here e Ͼ 0 denotes the elementary charge͒, independently of shape and physicochemical parameters ͑size, added 1:1 electrolyte, …͒. This is based on the physical picture that the electrostatic energy eV 0 of the strongly coupled micro-ions does balance their thermal ͑entropic͒ energy k B T, resulting in a constant effective surface potential for the dressed macroion. For Laponite suspensions, the effective charge Z ef f was estimated as ͓41͔
where r 0 is the radius of a disk and l B is the Bjerrum length given by l B = e 2 / ͑⑀k B T͒ ͑⑀ being the dielectric constant͒. The effective screening length ef f ͑for spherical colloids͒, on the other hand, is estimated as ͓42͔
where 0 is the Debye length for an isolated particle in an electrolyte of bulk density n 0 ͑ 0 2 =8l B n 0 ͒. For ef f r 0 ϳ 1, Z ef f was estimated to be ϳ100 for Laponite suspensions ͓41͔.
It is worth stressing here that the effective charge Z ef f and the corresponding Debye screening length ef f should be complex functions of the local ionic strength, the interparticle distances, and the interparticle angles. As will be mentioned later, this fact may play an important role in the aging behavior of Laponite suspensions.
B. Aging of colloidal Wigner glass
Below we discuss possible unique features of the aging of Wigner glass, which crucially differ from those of structural and spin glasses, focusing on the multicomponent features of Laponite suspension.
Roles of the ion distribution in colloidal Wigner glass
In a colloidal Wigner glass of Laponite suspension, there may be two important physical factors controlling the aging process: the spatial distribution of colloidal particles ͑r͒ and that of counterions i ͑r͒. The latter, which is an additional degree of freedom that is absent in usual colloidal glasses without charges, controls the strength of electrostatic repulsive interactions, which, in turn, gives the effective volume of particles. Consequently, if there is added salt, the spatial distribution of the salt s ͑r͒ is also an additional important factor. For a liquid-glass transition, in general, density ͑or concentration͒ is the control parameter. For a colloidal Wigner glass, the effective density ͑or the effective volume of particle͒ is a function of not only , but also i and s . The aging process of Laponite suspensions may therefore be viewed as finding a quasiglobal minimum in a very complex energy landscape in the multidimensional parameter space of , i , and s . The important parameter that controls the range of the electrostatic interactions is the Debye screening length l D = −1 , which is a function of i and s ͓6,9,11͔. It controls the electrostatic interaction potential between colloids, usually assumed to be given by exp͑−r͒ / r. The electrical neutrality condition imposes the constraint that Z − i = 0, with Z the charge on the Laponite colloids, Z ϳ 10 3 e. Thus, the composition fluctuations of the Laponite particles are coupled to those of the small ions. We speculate that the process to establish the ion distribution is very slow because of the additional degrees of freedom such as the translational and orientation degrees of freedom of Laponite particles and their coupling to the degree of the counterion and salt condensation. The local-equilibrium ion distribution around an individual particle should be established very quickly, in a time on the order of l 2 / D i ͑D i being the diffusion constant of the small ions͒, which is typically of the order of ms. However, the coupling of the ion distribution to the slow variables can make the establishment of the ion distribution very slow. We will show several pieces of experimental evidence that support this statement below.
Unique features of aging in colloidal Wigner glass
For physical gelation, the fraction of the frozen-in component, which is called the Debye-Waller factor or the Edwards-Anderson order parameter ͓43͔, should increase with time, reflecting the development of the network structure. This is because more elastic components are involved in the percolated network as the gelation proceeds. For usual glasses, it is predicted by the aging theory based on a droplet picture of spin glass ͓43,44͔ that the fraction of the frozen-in component ͑or the fraction of the ␣ relaxation͒ relative to fast ␤ relaxation should be constant with time for the late stages of aging. This was also confirmed by numerical simulations ͓45͔. In our previous experiments, we found that the frozen-in component, or the Edwards-Anderson order parameter, increases with time, contrary to what happens in the spin-glass theory of aging ͓43,44͔. Apparently, this fact seems more natural if we consider the nonergodic state of Laponite suspensions as a gel rather than a glass. However, we argue here that for the colloidal Wigner glass, the Edwards-Anderson order parameter should increase with time, reflecting the increase in the strength of the repulsive interaction due to the reorganization of the distribution of particles, counterions, and salt ions, and the resulting change in the degree of the ion localization on the surface of Laponite particles. The physical picture is that the effective volume per particle increases and thus the particles are more strongly confined as the aging proceeds. This is markedly different from the droplet picture of spin glass ͓43-45͔, where the magnetization is constant with time but only the dynamic coherence length increases with time.
Here we check the relevance of this picture in more detail. The density-density correlation function f͑q , t͒ decays in time. The way of its decay changes with the aging time, as illustrated in Fig. 1 . In the early stage of aging, f͑q , t͒ decays in two steps: initial free diffusion and particle diffusion under In the early stage of aging ͑cage-forming regime͒, f͑q , t͒ decays in two steps: free diffusion followed by diffusion with weak interparticle interactions. In the late stage of aging ͑after the formation of cage͒, a power-law decay likely due to soft caging appears. f͑q , t͒ also starts to have features of a nonergodic state, characterized by the nonzero value of f͑q , ϱ͒. To characterize this feature, the value of f͑q , t͒ at the longest observable time ͑ϳ300 s͒ is defined as the frozen-in component f EA .
weak interparticle interactions. The former is described by an exponential decay, while the latter is described by the stretched exponential one ͓46͔. We identify this regime of aging as the "cage-forming regime." We believe that in this regime, a distinct cage that can trap a particle for a certain period of time is not yet formed. In the late stages of aging, on the other hand, f͑q , t͒ decays in three steps: ͑i͒ a freediffusion regime ͓9,17,47͔, which is characterized by a single exponential decay, ͑ii͒ a soft-caging regime, which exhibits the power-law-like decay ͓17,47͔, and ͑iii͒ a regime of escaping from the cage, which is characterized by the stretched exponential decay ͓9,17,47͔. There is no clear plateau region that separates rattling motion within the cage from cage escape dynamics. Instead, f͑q , t͒ decays very slowly in regime ͑ii͒, obeying a power-law dynamics.
A power-law decay following the fast ␤ process is predicted by the mode-coupling theory ͑MCT͒ ͓48͔ and is known as the cage process wing: f͑q , t͒ = f EA + A͑t / ␤ ͒ −a , where A is a constant and ␤ is the characteristic time of the fast ␤ process. In the MCT scenario, this process is further followed by the power law of f EA − B͑t / ␤ ͒ b , where B is a constant and b is related to a. This peculiar process is known as the von Schweidler law ͓48͔.
However, we point out that the power-law behavior observed in Laponite suspensions is crucially different from this schematic MCT scenario: In Laponite suspensions, the time span of the power-law regime increases with time and reaches over five decades in time. This feature cannot be explained by the MCT scenario. Even for hard-sphere colloidal glasses, for which MCT is known to work well ͓49͔, the time span of the power-law regime is two to three decades at most ͓50͔. We speculate that such a pronounced existence of regime ͑ii͒ may reflect the soft nature of long-range Coulomb interactions. The above aging behavior is quite unique and specific to the aging of a colloidal Wigner glass and reflects the increase in the effective volume fraction of colloidal particles ef f with aging. The relevance of this picture is supported by the fact that the change in the decay pattern of Fig.  1 closely resembles that induced by the increase of the volume fraction of hard-sphere colloids reported by van Megen and Underwood ͑see Figs. 5 and 13 in Ref. ͓50͔͒. That is, the effective volume of Laponite ef f increases with the aging time.
In relation to this, it is worth mentioning that the lack of a completely flat plateau has been observed also in simulations of aging of attractive glasses and has been attributed to the finite lifetime of bonds ͓51͔. This similarity in the aging behavior between repulsive and attractive glass may stem from the common origin that the cage is too soft to trap particles.
The cage is consequently soft in the intermediate stage of aging, but it becomes harder with increasing the aging time, reflecting the increase in ef f . This change in the nature of the cage is supported by the following pieces of experimental evidence.
We identify the late-time value of f͑q , t͒ as the Edwards-Anderson order parameter f EA ͑see Fig. 1͒ . It is initially zero and slowly increases with aging ͓9,17͔. We previously estimated ͓9͔ the cage size ␦ = ͱ͗␦ 2 ͘, where ͗␦ 2 ͘ is the mean-square displacement of particles, from the Edwards-Anderson order parameter f͑q , ϱ͒ by using a model that describes the motion of Brownian particles trapped in a harmonic potential ͓52͔. In this simple model, f͑q , ϱ͒ = exp͑−q 2 ͗␦ 2 ͒͘. This is exactly the definition of the Debye-Waller factor for glassy systems ͓5͔. The cage size ␦ can then be estimated from the q dependence of f͑q , ϱ͒. According to our study on glassy Laponite suspensions ͑ = 3.5 wt. %, I =10 −4 M͒, ␦ is about 80 nm when t w ϳ 0, but it monotonically decreases with t w and approaches 17 nm with t w → ϱ ͑see Fig. 2͒ . It becomes almost constant for t w Ͼ 5000 s. This clearly shows the increase in the repulsive interactions with increasing t w .
We also found that the total scattering intensity S is decreasing in time ͑see Fig. 6 in Ref. ͓6͔ and the related discussion there͒, becoming roughly constant for t w Ͼ 5000 s. Such a decrease in the scattering intensity was confirmed for the scattering angle of 30°-90°and also by the decrease of the turbidity. Consistently with the temporal change in ␦, this behavior can also be explained by a decrease in the susceptibility ͑the increase in the osmotic compressibility͒, or equivalently the increase in the repulsive interactions with t w . Similar behavior of the decay of the scattering intensity during aging ͑at q = 2.3ϫ 10 5 cm −1 ͒ was also reported by Knaebel et al. ͓12͔ . All these facts support our physical picture. The time regime before t w Ͻ 5000 s is the cageforming regime, while that after t w Ͼ 5000 s is the full-aging regime, where f EA reaches more than 50% of its final value at t w → ϱ. Such a temporal decrease in the scattering intensity might occur if small bubbles or small aggregates slowly dissolve during the aging. However, the absence of the corresponding diffusive modes is against such a possibility. Furthermore, the fact that the time span of the decay of the scattering intensity corresponds to the cage-forming regime seems to be more than an accidental coincidence. It is clear that the full aging behavior ͑ ␣ ϳ t w ͒ is observed only after the cage is formed. The shaded region is the crossover region from the cage-forming to the full-aging regime. Before this crossover, f EA and ͗␦ 2 ͘ are strongly changing with time, reflecting the evolution of soft cage.
For the case of gelation, the scattering intensity should increase with the aging time, reflecting the growth of a fractal network ͑see Fig. 6 in ͓6͔͒.
To show that the electrostatic interaction changes, we show here the results of our conductivity measurements during the aging. It is found that the conductivity increases almost linearly with the aging time in the ergodic regime, but tends to saturate in the nonergodic regime ͑see Fig. 3͒ . In this ergodic regime, the structural relaxation time ␣ grows exponentially, as in other cases. The temporal increase in should reflect the decrease in the number of the strongly bound counterions, which are immobilized in the Stern layer, with increasing the aging time. The initial conductivity ini ͑990 S/cm͒ should include the contribution of OH ions OH and that of the counterions ͑Na + ͒ released from Laponite particles, Na . Since OH ϳ 20 S / cm, we obtain Na Х 970 S / cm. Thus, the number density of Na + ions n is estimated as n ϳ 19.5 mM, from n = Na / Na e, where Na is the mobility of Na + ion ͑ Na = 5.19ϫ 10 −8 m 2 s −1 V −1 ͒ and e is the electron charge. Since the number density of Laponite particles in 3.2 wt. % solution is N = 29.2 M, the number of Na + ions released from each Laponite particle is estimated to be 660, which is in agreement with the number of the negative charge per particle surface reported in the literature, 10 3 e − . From the amount of the change in the conductivity ͑⌬ ϳ 35 S/cm͒, we can also estimate the increase in the unbound Na + ions during the aging as ⌬n = ⌬ / Na e ϳ 0.7 mM. This increase of 0.7 mM should have a considerable effect on noting that the ionic strength of the system is 0.1 mM.
From the above, we can estimate Z ef f at t w = 0 min and 500 min, respectively, as 660 and 690. These values are much higher than the theoretically estimated saturation value of Z for Laponite suspensions ͑Z ϳ 100͒ ͓41͔ ͑see Sec. III A 3͒. It is also known from experimental studies on spherical colloids that the effective charge estimated from a Debye-Hückel-type pair interaction potential is systematically smaller than that estimated from the conductivity by some 40% ͓53͔. Thus it is not easy to estimate Z ef f and ef f from our conductivity data in a direct manner. What we can conclude from our measurements is that both Z ef f and ef f increase with the aging before the ergodicity breaking. These changes bring two antagonistic effects on the effective Coulomb interactions between Laponite particles: the range of interaction decreases due to stronger screening, while the amplitude increases due to the increase in the effective charge. We note that which effects become more dominant also depends crucially upon the particle concentrations. Although we cannot draw any definitive conclusion, the scattering intensity indicates that the interparticle interactions become more repulsive with aging, also in agreement with the observation that the position fluctuations in the cage ͗␦ 2 ͘ decreases during the aging. Now we discuss the temporal change of ␣ . ␣ increases exponentially with t w ͓46,47,54͔ until ␣ becomes comparable to t w ͑see Figs. 2, 4, and 5͒,
where c is a constant, and subsequently evolves linearly with t w ͓12,47͔ ͑see Figs. 2, 4, and 5͒,
The latter corresponds to the so-called full-aging regime ͓44͔. This crossover is natural in the sense that ␣ cannot exceed t w . The fact that the aging part of the response function scales as t / t w means that the effective relaxation time of a system in the glass region is set by its age t w . This further means that the microscopic time scale is no longer relevant to the aging dynamics for asymptotically long aging times. On the basis of these experimental findings, we propose that the observed aging process of a colloidal Wigner glass can be divided into two regimes ͑see Figs. 2, 4 , and 5͒. In the early stage of aging, the effective volume fraction increases with time, reflecting the increase in the repulsive interaction between particles. In this early stage, the Debye-Waller factor ͑f EA ͒ increases with time and the scattering intensity ͑S͒ decreases. We also note that in this early stage, ␣ increases steeply with t w ͑see below and Figs. 2, 4 , and 5͒, reflecting The Laponite concentration was 3.2 wt. % and the pH was 10. increases almost linearly with t w in the early stage, where the system is ergodic in the dynamic light scattering experiment, while it tends to saturate in the late stage. This crossover gradually occurs around the transition between the cage-forming ͑ergodic͒ and the full-aging ͑nonergodic͒ regime. the gradual transformation from a liquid state to a glassy one due to the slow increase in the repulsive interactions with aging. Thus, we call this early stage of aging the "cageforming regime." The system subsequently enters into the late stage, where the "droplet picture of spin glasses" ͓43-45͔ works properly and thus the proposed scaling relations hold for this regime. We call this late stage the "fullaging regime." The existence of the cage-forming regime is therefore a characteristic feature of the colloidal Wigner glass. The two stages can be clearly separated by looking at the behavior of ␦. In the early stage, ␦ decreases with t w , while in the late stage it becomes constant ͑see Figs. 2, 4 , and 5͒.
This type of two-stage aging is not observed for usual glass-forming liquids such as polymers. In glass-forming polymers, for example, the initial stage of the aging is well described by the full aging ͑ ␣ ϰ t w ͒ ͓55͔. This may be due to the fact that there already exist well-developed cages even in a liquid state for a usual glass-forming liquid. In addition, we note that there is no change in the interaction potential for such liquids and thus the amount of the density change required for inducing a liquid-glass transition is generally very small.
Finally, we note that the apparently quite similar twostage aging behavior was observed for unstable colloidal gels ͓28,56͔. We speculate that this two-stage aging reflects the similar crossover behavior from the cluster-growth regime to the gel-aging regime. For example, the first stage is the process of the growth of clusters. The growing clusters either fill up the space or percolate with each other, which may lead to the nonergodic full-aging regime.
In relation to this, we suggest that there should be a oneto-one correspondence between the crossover from the cageforming to the full-aging regime and the ergodic-tononergodic transition. The exponential growth of ␣ may be unique to the cage-forming ergodic regime, while the fullaging behavior ͑ ␣ ϳ t w ͒ may be to the nonergodic glassy regime. Our experimental results are basically consistent with this scenario. The above-mentioned behavior in unstable colloidal gels also seems to be consistent with it, on noting that a system becomes nonergodic after the growing clusters of aggregates either fill up the space or percolate with each other. Furthermore, aging experiments in ordinary glasses are usually performed below the glass-transition temperature T g , where a system is in the nonergodic glassy state. Thus, the absence of the cage-forming regime in such experiments is quite natural. The cause for the exponential growth of the time scale in the ergodic cage-forming regime remains a theoretical problem for future investigation.
Two-stage aging kinetics
We now consider a simple model, based on the experimental observations, for the relation between the viscosity and the relaxation time. We express the two-stage aging process in terms of the average barrier for particle motion. The structural relaxation time is often expressed by using the average barrier height U for particle motion as
where 0 is the inverse of a typical attempt frequency. During the aging, U is a function of the aging time t w and we express it as U͑t w ͒ = U 0 + ⌬U͑t w ͒, where U 0 is U at t w = 0. The experiments at early times, i.e., Eq. ͑5͒, indicate that ⌬U grows linearly with t w as
On the other hand, for late times ͑full aging͒, Eq. ͑6͒ indicates that ⌬U grows logarithmically with t w as
At very late times, ⌬U may become constant and approach ⌬U f . The change in the barrier height is schematically shown in Fig. 6 . This barrier height may be related to the domain size in the droplet picture ͓43͔: The linear growth of ⌬U means the power-law growth of the domain size ͑coherence length͒ R, while its logarithmic growth means the logarithmically slow growth of R. The reason for the initial linear growth of U͑t w ͒ for the Wigner glass is not clear at this moment.
Relation between the viscosity and the structural relaxation time ␣
Next we consider the relationship between the viscosity and the structural relaxation time ␣ , focusing on the above 
where is the mechanical stress, ␥ is the strain ͑shear͒ rate, ␣ is the structural relaxation time, and M is the elasticity. M should be proportional to the nonergodicity parameter, or the Edwards-Anderson parameter, f EA , for any glass-forming system. This is based on a simple but natural idea that the solid nature, or the static elasticity, of any system should be described solely by its nonergodicity parameter, which tells us how solidlike a system is. Note that for a glass-forming liquid, its solidlike elastic nature stems solely from caging effects. For ordinary glass-forming systems, it is known that f EA is almost independent of temperature above the so-called mode coupling T c and below T c it only slightly increases toward 1 upon cooling. This is due to the fact that the change of density as a function of temperature is very small for ordinary liquids, although this small change does lead to a drastic slowing down of the dynamics near the liquid-glass transition. In other words, the density of an ordinary liquid is already high enough to produce the so-called caging effects. For the colloidal Wigner glass, on the other hand, f EA slowly increases from zero to a finite value during the aging ͑see Fig. 7͒ , likely reflecting the increase of the effective volume fraction with aging.
If we assume a quasisteady state during the aging in Eq. In the very early stage of aging, f EA is almost zero and the condition ␣ ӷ 1 is not satisfied for typical frequencies of the rheological experiment. Then, the above relation may not hold. This may be the case for the data reported by Abou et al. ͑see Fig. 8 of ͓46͔͒, where * grows much faster than ␣ especially in the early stage.
IV. SUMMARY
In summary, we have discussed the differences and the similarities in the kinetics between aging and gelation. We also point out the unique features of the aging of colloidal Wigner glass, which are crucially different from those of the aging of spin and structural glasses. The aging of Wigner glass may be divided into three regimes: ͑i͒ a cage-forming regime, ͑ii͒ a full-aging regime, and ͑iii͒ a final saturation regime. The final regime has not been observed experimentally for the Wigner glass, but was observed for glassforming polymers ͓55͔. The relevance of the two-step aging scenario ͓i.e., the existence of regime ͑i͒ and ͑ii͔͒ has been confirmed by the analysis of the experimental data.
We have discussed the possibility of the slow temporal change in the interparticle electrostatic interactions in the cage-forming regime. This scenario is supported by our conductivity measurements. Due to the complex nature and effect of charge renormalization, however, it is quite difficult to infer the change in the interparticle interactions from that in the conductivity. The temporal increase in the osmotic compressibility, which is deduced from the change in the light scattering intensity, seems to support the increase in the repulsive interactions during the aging, but the validity of this conclusion should be checked more carefully. Further FIG. 6. Schematic figure representing the temporal change in the effective barrier height U as a function of t w . Note that ␣ ͑t w ͒ cannot exceed t w . Thus, the initial fast linear growth is switched into the slower logarithmic one, and then further into the final equilibrium one. This last saturation behavior is observed in the aging of glass-forming polymers ͓55͔. Fig. 2 . The relation * ϰ ␣ f EA is observed to hold well. Note that in the early stage of aging, * Х 0.015 exp͑0.0033t w ͒Х2500 ␣ f EA Pa s ͑solid line͒, ␣ Х 0.001 exp͑0.0022t w ͒ s ͑dashed line͒, and f EA Х 0.006 exp͑0.0011t w ͒ ͑dotted line͒. The deviation of * from the solid line for t w Ͼ 2000 s is due to the dynamic crossover between the characteristic time of mechanical perturbation ͑1/͒ and ␣ , which occurs around ␣ = 1. In this experiment, the measurement frequency f was 0.1 Hz ͑note that =2f͒. theoretical studies on the electrostatic interactions in highly charged colloids at finite concentrations are also highly desirable.
We have to note that there still remain many unanswered questions such as why ␣ grows exponentially with the aging time for short aging times and what is the physics behind the striking similarity of the aging behaviors between the colloidal Wigner glass and aggregating colloids despite the apparent difference in the physical process between the two. We propose that there should be a one-to-one correspondence between the crossover from the cage-forming to the fullaging regime and the ergodic-to-nonergodic transition. On noting that both colloidal Wigner glasses and aggregating colloids accompany the ergodic-to-nonergodic transition during the aging, our picture suggests that the similarity can be a consequence of the universal features of the ergodic-tononergodic transition of a system whose initial state is gaslike in the sense that there are few caging effects on particle motion. Further experimental and theoretical studies are highly desirable to elucidate the differences and the similarities between glasses and gels. The understanding of the aging in attractive glass also remains a problem for future investigations. Ultimately, this will provide useful information for the possibility of finding a universal physical description of nonergodic ͑jammed͒ states ͓1-3͔ including glasses and gels.
